In this paper we describe dimeric complexes of Cu(I) with 4,4',.5,5'-tetracyano-2,2'-biimidazole (HzTcbiim). These compounds contain the dianion (Tcbiim'-) acting as a quadridentate bridge between Cu(I) ions in combinations with phosphine, phosphite, pyridine, and quinuclidine ligands. '-Each Cu atom is tetrahedrally coordinated with angles ranging from lOI"-126'. As a result of steric crowding by the phenyl rings of P(OPh)3 the copper atoms are somewhat sequestered. The influence of the steric and electronic factors can be seen in the oxidation potentials ob tained from cyclic voltammetry. The potentials for the successive one electron oxidation of the dimers vary greatly with the donor strength of the ligands.
Introduction
Binuclear copper complexes are of interest for a variety of reasons. They have been the basis for numerous studies of magnetic interactions, multimetal center reactions, and mixed valency [ 11. The uses of copper reagents in organic syntheses [2] and the discoveries of the roles of copper in biological systems [3] have added impetus to these investigations. Greater understanding of the biological aspects has in turn led to a reexamination of copper compounds in medicinal chemistry [4] . Progress in these various areas requires increased basic knowledge regarding the redox potentials, geometry, and re-*Authors to whom correspondence should be addressed.
0020-1693/84/$3.00 activity of copper species, and is of particular interest for dimeric systems.
We have been directing our efforts toward the challenge of controlling both the geometry and oxidation potential of Cu(1) dimers in an effort to systematically synthesize a mixed valence system. Our approach is to use a pi accepting, aromatic, dianion as the bridging group, and test a variety of other donor types in combination with it. We describe here a series of bridged copper(I) dimers in which the oxidation potentials are substantially altered, while the geometry about the copper atoms remains essentially unchanged.
Recently we reported the properties of a remarkable new ligand 4,4',5,5'-tetracyano-2,2'-biimidazole (H,Tcbiim) [5]. We have also reported its use in forming complexes with Rh(I), h(I), MO(O), Pd(II), and A(H) [6-81. In addition a preliminary report on the chemistry of HzTcbiim with copper and silver has been published [9] .
In this paper we describe the syntheses; cyclic voltammagrams and solid state IR spectra of the series of dimers Cuz(PPhs)4Tcbiim, CuZ(PPh3)2-(Py), Tcbiim, CuZ [P(OPh) 
Preparation of Cu,(PPh 3)4Tcbiim
To a methanol solution of CU(CH~CN)~BF~ a slight excess of PPh3 was added, followed by a stoichiometric amount of HzTcbiim. After 15 minutes a white precipitate formed. After three hours of stirring an air stable product was collected by fdtration. Yield 90%. Anal. Calcd for Cu2P4Cs2NBH6e: C, 69.94; N, 7.96; H, 4.26. Found: C, 70.43; N, 7.99; H, 4.36 .
Preparation of Cu2(PPh3)2(Py),Tcbiim
(a) Cu,(PPh3)bTcbiim was dissolved in a minimum amount of pyridine. Hexane was then added to precipitate the product. Yield 72%. Anal. Calcd for CuzPzCSgN10H4e: C, 64.57; N, 13.44; H, 3.84. Found: C, 64.38; N, 13.55; H, 3.91. (b) To a suspension of Cuz(Py),Tcbiim in methylene chloride a slight excess of PPh3 was added. As the reaction proceeded a solution formed and reduction of volume resulted with precipitation. The product was washed with acetone. Yield 55%.
Preparation of Cuz[P(OPh)3J,Tcbiim
To a solution of CU(CH~CN)~BF~ in acetone a slight excess of P(OPh)3 was added followed by a stoichiometric amount of HzTcbiim which resulted in the immediate precipitation. After stirring for four hours, the air stable product was collected by filtration. Yield 87%. Anal. Calcd for , : C, 56.38; N, 11.44; H, 3.06. Found: C, 56.34; N, 11.48; H, 3 .00.
Preparation of C~~[P(OPh)J,(Py)~Tcbiirn
(a) The compound CuZ [P(OPh),] ,Tcbiim was dissolved in a minimum amount of pyridine. Hexane was added to force precipitation of a white solid which from analysis contains a solvated pyridine. Yield 50%. Anal. Calcd for CU~P~O~C~~N~~H~~: C, 60.20; N, 12.66; H, 3.70. Found: C, 60.02; N, 12.31; H, 3.74. (b) To a suspension of Cuz(Py),Tcbiim in methylene chloride a slight excess of P(OPh), was added. After twelve hours of stirring the product was collected. Yield 56%.
Preparation of Cu2[P(OPh)3J2(Q)2Tcbiim
To a suspension of Cu, [P(OPh)3]zTcbiim in THF a slight excess of quinuclidine was added, after stirring for six hours all of the reactant was in solution. Upon reducing the volume of solvent and layering with hexane the white product formed. Yield 20%. Anal. Calcd for Cu2PZ06C6eN10Hs6: C, 59.92; N, 11.65; H, 4.66. Found: C, 58.91; N, 11.31; H, 4.86 .
Collection of X-Ray Data and Solu tion of Structure
Single crystals of CuZ [P(OPh),] z(Py)zTcbiim*Py were grown by layering a pyridine solution of the compound with hexane. After 36 hours at 4 "C large, clear hexagon crystals had formed. An individual crystal was cut and sealed in a 0.3 mm capillary for data collection on a Syntex Pi four circle diffractometer.
Axial X-ray photographs of the crystal did not show any apparent symmetry, indicating triclinic space group. The structure refined successfully in the Pi space group. The standard reflection intensities varied by less than 2 per cent during the collection of the data. The structure was solved by conventional heavy atom and difference Fourier methods. The pyridine of crystallization was treated as a six membered carbon ring since it was located about an inversion point of the cell. After refining to anisotropic convergence, [R = 0.048, Rw = 0.0421 hydrogen atom positions were calculated along with their thermal parameters. The contribution of the hydrogen atoms to the data was then calculated based on their calculated positions and thermal parameters and subtracted from the data. Further anisotropic refinement led to final convergence. [R = 0.035, Rw = 0.0421. No absorption correction was necessary since the maximum and minimum transmission factors differed by only 8%. The final difference map showed no peak greater than 0.35 e/A3. The crystal data are summarized in Table I , the atomic coordinates in Table II , and the programs used are cited in reference [ 111. An ORTEP view of Cu2 [P(OPh)3]2(Py)2Tcbiim is shown in Fig. 1 . Bond distances and angles are provided in Tables III and IV . In addition to the inversion center which bisects the 2,2' carboncarbon bond, the bond lengths show that Tcbiim'-is acting as a symmetrically bridging quadridentate ligand. The geometry about the copper atom is distorted tetrahedral, as is evident from the angles and the dihedral angle between the two planes N(l)-Cu-N(2) and P-Cu-N(6) of 101.5". The Tcbiim2-ion and the Cu atom are coplanar, with the largest deviation from an idealized plane of these atoms is 0.05 A. The metal-metal distance across the ligand is 5.37 A compared to 5.46 A in the case of Rh(I), and 5.96 A in a MO(O) dimer [ 12, 71. The Cu to P bond distance is 2.15 A and the Cu to pyridine nitrogen distance is 2.04 A, somewhat shorter than the Tcbiim'-nitrogen bonding distances of 2.18 A and 2.15 A. These distances are well within the normal Cu(1) to phosphite and nitrogen bond distances [ 13, 14, 151 . The positioning of the phosphite phenyl rings is intriguing. Along with the pyridine ring, they appear to form a shell around the copper atom.
The IR spectra, especially in the nitrile region, for the related compounds suggest that they all have similar structures. In all cases, except for the phosphite dimer, the CN band is a sharp singlet occurring in the range of 2220 cm-'. This suggests equivalent nitriles and a structure in which Tcbiim'-acts as symmetrical a quadridentate bridging ligand. In the case of the phosphite dimer, the CN band is split. We are not sure of the structure in the solid state, but the 13C NMR (in DMSO) shows that the solvent coordinates with the compound. This is clearly seen in the DMSO signal, and the six Tcbiim2-signals at 149.8, 148.4; 118.5, 117.5; 112.3, 111 .9 ppm relative to TMS. These splittings indicate a mirror plane along the C-C bond connecting the two imidazole rings. The 31P NMR gives only one sharp signal. It appears the DMSO fills the fourth coordination site and that Tcbiim'-is acting as a quadridentate bridging ligand. The NMR spectra of Cu2-(PPh,),Tcbiim show that this compound is the solvent was DMSO. The use of DMSO as a solvent was necessary to achieve a reasonable concentration.
The supporting electrolyte in all cases was N(C4H9)4PF6. The concentration of the supporting electrolyte was 0.1 M and of the electroactive compounds was typically 0.005 M. The reference electrode was Ag/AgN03 in acetonitrile, but all potentials were calibrated relative to an internal ferrocene/ferricinium couple (0.400 V vs. NEH). The shape of the cyclic voltammagrams of the five copper(I) dimers indicate that their oxidation is irreversible. Only in the case of Ctr2 [P(OPh),],(Q),-Tcbiim did the CV approach a reversible pattern, and there appeared to be two distinct oxidation-reduction waves. For Cuz(PPh3)2(Py)2Tcbiim, the second wave overlaps with ferrocene, so a good measurement was not possible in this case. The potentials vs. NHE are summarized in Table V. The oxidation potentials for the compounds show a definite pattern.
When triphenylphosphine is present the oxidation potentials are relatively large. When triphenylphosphite is substituted the potentials are decreased. This pattern is expected since triphenylphosphine is known to stabilize copper(I) more than triphenylphosphite.
The addition of pyridine in either case caused the oxidation potential to be slightly reduced. The addition of quinuclidine to the copper phosphite framework caused only a small change in the oxidation waves, but a large change in the reduction waves.
Conclusion
Several interesting features of copper chemistry have emerged from this investigation. First, we observe that Cu(1) has a strong affinity for Tcbiim'-and is especially prone to forming dimers with it. These dimers, once formed, are sufficiently robust to allow a variety of substitution reactions on this core. Some of the interconversions which we have examined are summarized in Fig. 2 . This is clearly a fruitful area for further work, and we are currently looking into reactions with other ligands of low electronegativity for which copper has traditionally been a difficult case. Second, we note that redox potentials are variable over a wide range as a function of substituent.
Also, as the ligand system becomes more sterically protective, the cyclic voltammagrams appear to become more reversible. We believe this indicates that it will be possible with the right combination of donors and stereochemistry to stabilize a mixed-valence system in which minimal coordination sphere rearrangement occurs under one electron oxidation. In that case the interaction between the metal centers would be predicted to be large. Our investigations towards such a system are continuing. Finally, our crystallographic results confirm that Cu(1) is tetrahedrally coordinated, even when several moderately strong pi acceptors are present. This casts some doubt on the lower coordination numbers which are sometimes postulated and suggests that further scrutiny of this feature is desirable. Tables of structure factors, anisotropic thermal parameters, calculated hydrogen positions, and least squares planes are available upon request to either of the senior authors.
